Abstract We study the dynamics of inflation in a generalized scalar-torsion gravity scenario by assuming a canonical scalar field non-minimally coupled to torsion with a Galileon-type self-interaction. After obtaining the field equations for a flat FRW background, we derive the second order action for both scalar and tensor perturbations to compute the power spectra of primordial fluctuations. As particular models, we studied at first, a power-law form of coupling function F(x) = 1 + ξ x 2 /2, with x ≡ φ /M pl , and a monomial scalar field potential V (x) = λ x n /n which is ruled out at 2σ level by current observational data for n ≥ 2. Under slow-roll approximation we obtain analytical expressions for the background as well as perturbative dynamics, and we show that the predictions of the model are consistent with current Planck 2018 constraints on the spectral index n s and the tensor-to-scalar ratio r through the n s − r plane. Accordingly, this model is in agreement with current observational bounds only within the 95% C.L. region in the case of chaotic quadratic inflation (n = 2), whereas that for the other monomial potentials such as n = 4/3, n = 1 and n = 2/3, it is found that they are even more favoured, overlapping their results with the 68% C.L. region from last Planck data. Secondly, we studied a model in which the presence of both non-minimal coupling to gravity and the Galileon nonlinear self-interaction γ(∂ φ ) 2 2φ leads to a suppression of the tensor-to-scalar ratio compared to those predicted in the standard scenario, then predicting 0.024 r 0.069. This result allows us to reconcile chaotic quadratic inflation with current Planck data up to the 68% C.L. region. In despite of this, next generation CMB experiments such as BICEP3 or a
Introduction
Although the Universe has undergone a decelerating expansion during the longest part of its lifetime, dominated first by radiation and then by matter, there are two accelerating phases in the history of the Universe. The first accelerating phase corresponds to inflation [1] [2] [3] , which is widely accepted as the standard paradigm of the early Universe. The first reason is due to the fact that several long-standing puzzles of the Hot Big-Bang model, (HBB) such as the horizon, flatness, and monopole problems [4] , find a natural explanation in the framework of inflationary Universe. The simplest scenario explaining the physics of inflation is based on a canonical scalar field φ , the inflaton, minimally coupled to gravity with a scalar potential V (φ ) [5] . In addition, and perhaps the most intriguing feature of inflation, is that it gives us a causal interpretation of the origin of the Cosmic Microwave Background (CMB) temperature anisotropies, while at the same time it provides us with a mechanism to explain the Large-Scale Structure (LSS) of the Universe, since quantum fluctuations during the inflationary era may give rise to the primordial density perturbations [6] [7] [8] .
From the viewpoint of quantum field theory in curved spacetime, a non-minimal coupling between the scalar field and curvature can naturally arise into the theory either by quantum corrections [9] or renormalizability requirements [10] [11] [12] . Moreover, in the cosmological context, a nonminimal coupling term accounts in modifying de dynamics of the inflaton field. Those effects have been studied by several authors trough the literature. The non-minimal coupling term usually examined is ξ φ 2 R, which was firstly consid-
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ered for the new inflation scenario in Ref. [13] , whereas that for chaotic inflation it was studied in Ref. [14] , and later also in Refs. [15, 16] . On the other hand, it has also been exhaustively investigated other different aspects of inflationary cosmology in the presence of non-minimal coupling such as for example the phase-space analysis [17, 18] , slow-roll approximation and conformal transformation techniques [19] [20] [21] , power-law inflation [22] [23] [24] , and non-Gaussianities [25] [26] [27] . Also, the consequences of general non-minimal couplings for inflation have also been investigated in the framework of scalar-tensor theories, in the so-called extended and hyper-extended inflation [28] [29] [30] [31] [32] [33] [34] [35] [36] .
A very interesting scenario with a richer structure may also be obtained whether in addition to the non-minimal coupling term we also incorporate higher derivative quantum gravity corrections to the action such as for example a Galileon-type field self-interaction in the form G(φ , X)2φ , where G is an arbitrary function of φ and X ≡ −∂ µ φ ∂ µ φ /2 [37] . A self-interaction of this kind with G ∼ X arises naturally in the Dvali-Gabadadze-Porrati braneworld (DPG) model [38] which corresponds to a non-linear interaction of the helicity-0 mode of the graviton [39] , being that more general functions G(φ , X) have also been considered for instance in Refs. [37, [40] [41] [42] [43] [44] , and particularly in relation with α corrections in low-energy effective string theory [45, 46] . These already mentioned large-distance modifications of General Relativity (GR) were firstly proposed to explain the late-time acceleration of the Universe without a cosmological constant. On the other hand, although singlefield slow-roll inflation in GR provides us with the best fit to the data, considering alternative, non-standard scenarios, are motivated by the fact that certain scalar potentials for the inflaton coming from particle physics, such as the chaotic quadratic and quartic ones, are ruled out by current data. In this direction, in Ref. [47] the authors have investigated the chaotic inflation model in the context of general modified gravitational theories with non-minimal coupling term to curvature and Galileon self-interaction. In fact, the most general second-order scalar-tensor theory, the socalled Horndeski theory [48, 49] , which also includes nonminimal coupling models and generalized Galileon gravity, has been widely applied to account not only for the present accelerated expansion of the Universe but also in studying the accelerated expansion of the early universe, such as in Refs. [47, 50] . Regarding the observational constraints on the Horndeski theory, by combing the gravitational wave event GW170817, and the γ-ray burst GRB170817A, it has been possible to put strong constraints on the speed of Gravitational Waves (GWs), determining that GWs propagate at the speed of light, with −3 × 10 −15 < c GW − 1 < 7 × 10 −16 [49] . Accordingly, the viable subclass of the Horndeski theory which satisfies c GW = 1 is build only with k-essence, Galileon self-interaction and non-minimal coupling terms, see for instance, Refs. [49] and [51, 52] .
It is well known that gravity can be described in terms of torsion, in the context of so-called teleparallel equivalent of GR or simply Teleparallel Gravity (TG) [53] [54] [55] [56] [57] [58] [59] [60] . In this torsion gravity the dynamical variable is the tetrad field instead of the metric tensor g µν , and the usual torsionless LeviCivita connection of GR is replaced by the Weitzenböck connection, which has torsion but no curvature [61] [62] [63] . The Lagrangian density of the theory is proportional to the scalar torsion T which differs from the scalar curvature R in a total derivative term and therefore the two theories are equivalent in the level of field equations [61, 64] . Besides this equivalence, there are notable conceptual differences, being that the linear connection of TG is interchangeably identified with a purely spin connection and thus it arises as a classical gauge theory for gravitation based in the translation group, that due to existence of "soldering" between the Minkowski tangent space (fiber) and the spacetime (base space), it becomes a non-standard gauge theory, keeping nevertheless a remarkable similarity to electromagnetism, also a gauge theory for an abelian group [61, 64] . Moreover, following the same spirit of scalar-tensor theories, a natural extension for TG is a non-minimally coupled scalar-torsion theory where the scalar field matter source is non-minimally coupled not to the curvature scalar R but to the scalar torsion T [65, 66] . An interesting aspect of this extension is that although TG coincides with GR at the level of field equations, this scalartorsion theory is different from its counterpart based in curvature, that is to say, it belongs to a different class of gravitational modifications. Also, unlike what happens in scalartensor theories which are seen to be conformally related to Einstein's theory in absence of any matter field [67] , here the non-minimal coupling to torsion cannot be removed by a conformal transformation and so this scalar-torsion theory does not have an equivalent minimally-coupled model [68] [69] [70] . A scalar-torsion theory with non-minimal coupling term in the form ξ φ 2 T has been originally applied to dark energy in Ref. [71, 72] , and then also, it was extended in Refs. [73, 74] , for both, an arbitrary non-minimal coupling function φ 2 → f (φ ), and a tachyonic kinetic term for the scalar field, obtaining in both cases scaling attractors. More studies of the phase-space of dark energy were performed in Refs. [75] [76] [77] [78] [79] [80] , while the dynamics of cosmological perturbations was addressed in Refs. [81, 82] . Finally, applications of these scalar-torsion theories within the context of inflationary cosmology were made in Refs. [83, 84] .
The paper is organized as follows. In Section 2, we give a brief introduction to TG. In section 3 we develop the framework of generalized scalar-torsion theory. In doing so, we calculate the modified field equations for a spatially Friedmann-Robertson-Walker (FRW) background. Then we derive the second order action for scalar and tensor perturbations to compute the power spectrum of primordial perturbations. In section 4 we study our first particular model, which only has non-minimal coupling term of the form F(x) = 1 + ξ x 2 /2, while the inflaton potential has a monomial form V (x) = λ x n /n, with x ≡ φ /M pl . Here, by using the general formalism presented in section 3, under the slowroll approximation we solve analytically the background dynamics and derive the most important inflationary observables. Then, we obtain the constraints on the parameters characterizing this model by comparing its predictions with Planck 2018 data. For our second model, in section 5 we assume the presence of both, non-minimal coupling to torsion and Galileon self-interaction, along with the same expressions for the inflaton potential and coupling function used in 3. We investigate the inflationary dynamics at background as well as perturbative level, contrasting the predictions of the model with current observational bounds, and so obtaining the physical constraints for the parameters. Finally, in Section 6, we summarize our findings and present our main conclusions and final remarks.
Teleparallel Gravity
In teleparallel gravity (TG), a gauge theory for the translation group, the gravitational field is fully represented by the translational gauge potential which is identified as the non-trivial part of the tetrad field [61] [62] [63] [64] . Thus, one can use either the gauge potential or the tetrad field as the dynamical variable of the theory. The tetrad field e A (x µ ) connects the spacetime metric g µν and the tangent space metric η AB thorough the local relation
where e A µ are the tetrad components in a coordinate base and then satisfying the orthogonality conditions e A µ e ν A = δ ν µ and e A µ e µ B = δ A B , being that e µ B are the respective inverse components. The tangent space metric, η AB and η AB , lowering and raising the Lorentz indices (Latin upper-case letters) is defined as the Minkowski metric η AB = diag (−1, 1, 1, 1), with A = 0, · · · , 3. On the other hand, the spacetime indices (Greek letters) vary from 0 to 3 and they are lowered and raised by the spacetime metric g µν and g µν .
The action functional of TG is of the form
with e = det e A µ = √ −g, and M 2 pl = (8πG) −1 is the reduced Planck mass. The torsion scalar is defined as
where
are the components of torsion tensor, and
is the so-called super-potential, with
the contorsion tensor. The translational field strength of TG is the torsion tensor T ρ µν , and as usually in gauge theories, the action is constructed by using quadratic terms in the field strength. Thus, the first term in the second equality of Eq. (3) is the usual one in gauge theories, whereas that the second and third terms are product of the soldering property of the spacetime manifold [61] .
The spin connection of TG, ω A Bµ , is given by
which represents only inertial effects of the frame and
is a local (point-dependent) Lorentz transformation. It is just the connection that results after a local Lorentz transformation of the vanishing spin connection ω A Bµ = 0. For this connection one has that the curvature tensor vanishes identically (8) whereas that the torsion tensor in Eq. (4) is non-vanishing. In this sense the spin connection ω A Dµ can be seen as a kind of "dual" of the spin connection of GR, which is a connection with vanishing torsion, but non-vanishing curvature. Furthermore, these two connections are the only two choices respecting the correct number of degrees of freedom of gravitational field.
The linear connection corresponding to the spin connection ω A Bµ is
which is the so-called Weitzenböck connection. It is related to the Levi-Civita connection of GR,Γ ρ µν , through the equation
Substituting the relation (10) into Eq. (8) and after taking the appropriate contractions it is easy to obtain
whereR is the curvature of Levi-Civita connection. So, the action of TG, Eq. (2), differs from the Einstein-Hilbert action by a total divergence, and therefore the two theories are equivalent in the level of field equations. By introducing a matter source, such a scalar field minimally coupled to gravity, we do not obtain any different result coming from the two theories. Nevertheless, in the nonminimal case the things are very different because there is a change in the way as the scalar field is coupled to gravity. In GR the scalar field is non-minimally coupled to the curvature scalar R, whereas that in TG the scalar field is non-minimally coupled to the torsion scalar T , and therefore, this change produces that the field equations do not coincide, which implies that the resulting theories are completely different.
Below we are going to consider a generalized scalartorsion theory and its implications for cosmic inflation.
3 Generalized Scalar-torsion gravity
Background
The relevant action is given by
where P, F and G are arbitrary functions of φ and X := −(∂ φ ) 2 /2. This action extends the TG action (2) to the case of a generalized scalar-torsion theory with a Galileon-type field self-interaction. Now, we impose the standard homogeneous and isotropic background geometry, that is, we consider
which corresponds to a flat Friedmann-Robertson-Walker (FRW) universe with metric
where a is the scale factor which is a function of the cosmic time t. Thus, the background equations are given by
where H ≡ȧ/a is the Hubble rate, where a dot represents derivative with respect to t. Also, a comma denotes derivative with respect to φ or X. By eliminating the terms P from Eqs. (15) and (16), one obtains the following relation
where we have also introduced a set of slow-roll parameters
During inflation it is satisfied the condition ε 1, and hence, it is also required that all the slow-roll parameters defined above must be much smaller than the order of unity. Thus, at first-order approximation, we can put the expression (18) in the form
In what follows we compute the second-order action of scalar and tensor perturbations around the cosmological background in Eq. (14).
Second-Order action
In order to study primordial perturbations, our starting point is the ADM decomposition of the tetrad field [83, 84] 
where N i = h i a N a , with h a j h i a = δ i j , being h a i the induced tetrad field.
In the uniform field gauge, δ φ = 0, a convenient ansatz for the fields is given by
which gives the corresponding perturbed metric [85] 
From this point we follow closely the Maldacena's calculations [86] . The next step is to expand the action (12) up to second order which allows us to obtain
where in the first equality the term δ Gφ X = X 2 G φ X /(M 2 pl FH 2 ) has also been neglected because it is higher than the first order [85] . Also, in the second part of this equation we have used Eq. (20) .
By varying the second order action (29) in terms of R we obtain the equation of motion for the curvature perturbation R . Through the standard canonical quantization procedure applied to curved space-times [8, [87] [88] [89] , we obtain the power spectrum for curvature perturbation in the form
Since the curvature perturbation becomes constant for c s k < aH, we may evaluate the power spectrum at the Hubble crossing time, i.e. c s k = aH. Thus, the spectral index of R is given by
As usually we have assumed that c s is a slowly varying function, such that s 1 [6] . Now, let us calculate the power spectrum of tensor perturbations. The second-order action for the tensor modes is given by
where λ = +, ×, and we find
From Eq. (40) one may see that the no-ghost condition Q T > 0 is satisfied only in the case when F > 0. On the other hand, Eq. (41) guarantees us that there are no Laplacian instabilities for tensor perturbations and also that in our generalized scalar-torsion gravity scenario (12), GWs propagate exactly at the speed of light provided that the coupling function only depends on the scalar field, i.e. F = F(φ ). For more details, see section 7. Thus, the power spectrum of tensor perturbations is
and the corresponding spectral index is given by
In the phase before the end of inflation when P s and P T remain approximately constant, we may evaluate the tensorto-scalar ratio as
The above expression can be contrasted with the following consistency relation
In standard inflation one has that r −8c s n T , and therefore δ F and δ GX induce small deviations from those relation derived in standard inflation.
4 Theories with P = −X +V, G = 0, F = 0
Slow-roll analysis
For our first particular case, we focus on a model in which inflation is mainly driven by both a field potential, P = −X + V and a non-minimal coupling F = 0, with G = 0. For this case the background equations (15) and (17) take the following form
In the slow-roll approximationφ 2 V , |φ | |Hφ |, these equations acquire the form
Thus, from equation (48) we obtain
whereas that from equation (48) and (49) we obtaiṅ
Thus, for F > 0, V ,φ > 0 and F ,φ > 0, one hasφ < 0, whereas that for F > 0, V ,φ < 0 and F ,φ < 0, it is satisfiedφ > 0. Now, by using the equation (19) for the slow-roll parameters δ F and δ PX , it is straightforward to see that
and
and thus, from Eq. (20) one finds
By substituting (51) into this latter equation gives us
where we have defined the non-minimal coupling slow-roll parameter ε F and the potential slow-roll parameter ε V as
Under the slow-roll approximation, the number of e-folds N ≡ log(a) measuring the amount of inflation between the time around the cosmological scales cross the Hubble radius, t * , and the end of inflation t f , is calculated as
In the above equation the value of the field at the end of inflation, φ f , is calculated from the condition ε(φ f ) 1. By using Eqs. (51), (52), and (53), the parameters Q s and c 2 s in Eqs. (32) and (33), respectively, are written as
From Eq. (59), it can be seen that c 2 s > 0 for δ F /δ PX > −1/2. In a similar way, the power spectra of scalar perturbations (Eq. (36)) becomes
where we have also used the slow-roll equation (48) .
On the other hand, we can also obtain the corresponding expressions for the scalar spectral n s and the tensor-to-scalar ratio r, when we are considering a non-zero coupling function F. In doing so, we replace Eqs. (52), (53), (55), (56) , and (59), in Eqs. (37) and (45), respectively (not shown).
In order to obtain concrete results, we are going to consider a specific expression for both the non-minimal coupling function F and the inflaton potential V (φ ).
Chaotic Inflation
Let us consider that the inflaton potential has a power-law form
where λ , n are positive constants and x ≡ φ /M pl . In this case one obtains that after replacing (61) in Eq. (56), ε V becomes
Similarly, for the non-minimal coupling function let us assume the ansatz
where ξ is a positive constant, which guarantees us the noghost condition F > 0. Then, by replacing Eq. (63) in Eq. (56), the slow-roll parameter ε F has the following dependence on the scalar field
Accordingly, by combining Eq. (55) with Eqs. (62)- (64), it is straightforward to obtain
Inflation ends at ε(x f ) = 1, from which we obtain the value of the inflaton field at the end of inflation x f . Therefore, from Eq. (65) one finds
Now, from Eq. (57) we compute the number of e-folds N as
This latter equation can be solved for x * , such that
where x f is given in Eq. (66) . Therefore, from this equation we get the value of the scalar field at the time of Hubbleradius crossing, i.e. x * , expressed as a functions of the number of e-folds N, the power n and the coupling constant ξ . In FIG 1 (upper graph) we plot the behaviour of the scalar field x * against the number of e-folds N, for a specific value of the non-minimal coupling ξ = 0.001 and some special values of the power n [90] . Also, in FIG 1 (lower graph) we show the evolution of the non-minimal coupling function F against the number of e-folds, with the same values for ξ and n. As we can see, the field takes values above the Planck scale, i.e. x > 1 at the horizon crossing, and that F evolves in an intermediate regime between Additionally, from Eqs. (52) and (53) one finds
Thus, using the above equations, (69) and (70), into Eqs. (58) and (59), for the Q s parameter one obtains
whereas the field dependence of the scalar propagation speed squared is found to be The scalar power spectrum is calculated by using (60), along with Eqs. (69) and (70), which yields
where we have also defined the dimensionless parameter λ ≡ λ /M 4 pl and x is given in Eq. (68). After evaluating (73) at the value of the scalar field when a given perturbation scale leaves the Hubble-radius, given by (68) , and by using the current observational value for the amplitude of primordial scalar perturbations P s = 2.141 × 10 −9 [90, 91] , we may find a constraint which relatesλ to n, ξ , and N. In FIG 3 we show the behaviour of λ in terms of ξ for several values of the power n when the number of e-folds is fixed to be N = 70. For all the cases, it can be seen that λ is a monotonically decreasing function with the increasing of the non-minimal coupling parameter ξ .
In order to calculate the spectral index and the tensor-toscalar ratio we obtain at first the slow-roll parameter ε s . By putting Eqs. (65) and (69) into Eq. (35) one gets
Therefore the slow-roll parameter η s (Eq. (38)) yields Moreover, from Eqs. (38) and (72)
In this form, the scalar spectral index of R as a function of the scalar field is calculated by putting Eqs. (65), (69), (75) and (76), into Eq. (37), which yields
On the other hand, the scalar field dependence of the tensor-to-scalar ratio is calculated from Eq. (44), along with the equations (72) and (74), giving
After evaluating these inflationary observables at the value of the scalar field when a given perturbation scale leaves the Hubble-radius, given by (68), we may compare the theoretical predictions of this particular model in the n s − r with the allowed contour regions from Planck 2018 data. Then, we find the allowed ranges of the parameters that characterize this subclass of model.
The trajectories in the n s − r plane for the model studied here may be generated by plotting Eqs. (77) and (78) (both evaluated at x * ) parametrically, varying both the number of e-folds N and the coupling parameter ξ in a wide range. FIG  4 shows the plot of the tensor-to-scalar ratio r versus the scalar spectral index n s corresponding to this class of nonminimal coupling model satisfying the relations (61) and (63) , for several values of the power n. Here we have considered the two-dimensional marginalized joint confidence contours for (n s , r), at the 68% and 95% C.L., from the latest Planck data [90, 91] . In the particular case of quadratic inflation scenario n = 2, one obtains that only at N = 70, the predictions of the model are within the 95% C.L. region from Planck data [90, 91] 
In that case, the prediction for the tensor-to-scalar ratio is 0.05 r 0.07. On the other hand, for 0 < n < 2, the prediction of model are within the 68% C.L. for the following ranges of ξ 
2.90 × 10
3.20 × 10
Thus, by using these previous results, we find that, depending on the value of the power n, the corresponding allowed ranges forλ = λ /M 4 pl are found to be 1.32 × 10
3.89 × 10
8.60 × 10
8.78 × 10 
For the special case of the chaotic quadratic potential n = 2, we observe that the predicted value for the mass of the inflaton field becomes of the same order than those obtained for the same potential in the standard scenario (m φ ∼ 10 −6 ). Nevertheless, the predictions for this non-minimally coupled scenario regarding the scalar spectral index and the tensor-to-scalar ratio, through the n s − r plane, deviate from the standard scenario. Specifically, this model predicts a smaller tensor-to-scalar ratio compared to those obtained in the standard scenario (ξ = 0), bringing the quadratic chaotic potential compatible with current observations only at the level of 95% C.L. region. In addition, this consistency requires a number of e-folds greater than 60. For a sake of comparison with recent works in the literature, in [15] it was studied quadratic inflation where the inflaton is nonminimally coupled to the curvature scalar R. Interestingly, it was found that in order to rescue quadratic inflation, the non-minimal coupling ξ must take values around ξ R ∼ 10 −3
for N = 60 . Accordingly, the predicted value for the tensorto-scalar ratio is 0.01 r < 0.12. Therefore, recalling that our particular subclass of model predicts 0.05 r 0.07, it follows that it is possible to distinguish quadratic inflation with the inflaton non-minimally coupled to the curvature scalar R from quadratic inflation in a scalar-torsion gravity. Although our model is in consistency with current bounds set by Planck, forthcoming B-mode polarization experiments such as BICEP3 [92] or LiteBIRD [93] , expect to set an upper bound to tensor-to-scalar ratio such as r 0.03 and r 0.001, respectively. In view of this, the new experiments may eventually rule out chaotic quadratic inflation in a scalar-torsion scenario with a non-minimal coupling to torsion in near future. Fig. 4 We show the plot of the tensor-to-scalar ratio r versus the scalar spectral index n s for theories with P = −X +V, G = 0, F = 1 + ξ x 2 /2 along with the two-dimensional marginalized joint confidence contours for (n s , r), at the 68% and 95% C.L., from the latest Planck 2018 results [90] , for several values of the power n : 2, 4/3, 1, 2/3. The quadratic inflation scenario (n = 2) is compatible with current data at least in the 95% C.L., whereas that for n < 2 the predictions of the model are within the contour at 68% C.L.
5 Theories with P = −X +V, G = γX, F = 0
Slow-roll analysis
In our second particular model, inflation is now mainly driven by a field potential, P = −X + V , the Galileon selfinteraction G = γX, and the non-minimal coupling function F = 0. Then, the background equations (15) and (17) assume the form
Under the slow-roll approximationφ 2 V , |φ | |Hφ |, this set of equations leads us to
where A ≡ −3γHφ is a new function which takes into account the effect of the Galileon self-interaction in the dynamics of the inflaton field. From (91), A may be regarded as an extra friction term, slowing-down the evolution of φ relative to those in standard inflation. Thus, from Eqs. (90) and (91) we get
Furthermore, by substituting A = −3γHφ in the latter equation we can solve forφ which gives uṡ
Here we can see that if γ < 0, V ,φ < 0, and F ,φ < 0 theṅ φ > 0 and A > 0. On the other hand, in the case with γ > 0, V ,φ > 0, and F ,φ > 0, one has thatφ < 0 and A > 0. The transition from Galileon driven inflation to standard inflation occurs at the value of the field φ G , which is calculated from the condition A(φ G ) = 1 [94] . From Eq. (95), the latter condition is translated into the following relation
Moreover, by using Eq. (19) the slow-roll parameter δ GX is given by
Putting the relations (52), (53) and (97) into the equation (20) for the slow-roll parameter ε, one is led to the expression
and the end of inflation takes place at φ = φ f such that ε(φ f ) = 1. In this case, the expression to compute the number of e-folds N is found to be
The parameter Q s in Eq. (32) , and the square of propagation speed of the scalar mode c 2 s in Eq. (33) , are written as
Thus, the condition c 2 s > 0 is translated to δ F /δ PX > −1/2− 2A/3. Also, the power spectra of scalar perturbations, Eq. (36), is given by
being that we also have used (90) . The corresponding expressions for the scalar spectral index and the tensor-toscalar ratio may be obtained by replacing Eqs. (97), (98), and (101), in Eqs. (37) and (45), respectively (not shown).
Similarly as before, in the following we are going to develop a example by considering a specific expression for both the non-minimal coupling function F and the inflaton potential V (φ ).
Chaotic inflation
We assume a power-law potential (61) and the non-minimal coupling function in (63) . By using Eq. (95), one finds that the Galileon term A(x) becomes
where for convenience we have introduced the dimensionless parameter ζ ≡ (γ/M pl ) × λ . In this case, the slow-roll parameters ε V and ε F are given by (62) and (64), respectively. Moreover, the slow-roll parameter ε takes a more complicated form due to the presence of the Galileon term, yielding
Thus, inflation ends when ε(x) = 1 at x = x f . Since we have in this case a polynomial equation of degree seven in the variable x, we cannot write below explicit analytical solutions for x f . However, by solving it numerically, we find two physical solutions for x f : the first solution denoted by
f is defined for ζ < 0.13, whereas that the second one x f = x (2) f exists for ζ > 0.13. The number of e-folds N is calculated from (99) , obtaining Fig . 5 We depict the behaviour of x = φ /M pl , F and A for the solution x (1) with ζ < 0.13 (upper row) and for the other one x (2) with ζ > 0.13 (lower row) in the space of parameters ξ and ζ , for the power n = 2 and the number of e-folds fixed to N = 70. The gray region is built using the physical ranges (horizontal black lines) of the parameters ξ and ζ in Table 1 and Table 2 , which have been determined by observational bounds in the n s − r plane (FIG. 7) .
where A(x) is given by Eq. (103). Here we may integrate numerically the above equation to obtain the solution for x when a given perturbation scale leaves the Hubble-radius, i.e. x * , in terms of N and the others parameters. In doing so, we set the initial conditions at the time Hubble-radius. In FIG 5 we plot the numerical solution for x * (left graphic), along with the functions F (centre graphic) and A (right graphic), in terms of the parameters ξ and ζ , for the particular case of the power n = 2 and the number of efolds fixed to be N = 70. The upper row corresponds to the solution x = x (1) which is obtained in the case of solution
f , whereas that the lower row is due to the solution x = x (2) , associated with x f = x (2) f . The gray region indicates the physical region and is determined by using the ranges (horizontal black lines) of the parameters ξ and ζ . These ranges of parameters are found from observational bounds in the n s − r plane ( see FIG. 7 ) and they are shown in Table 1 and 2. One may observe that for the solution x (1) , a trans-Planckian displacement of the inflaton field through the potential, with x between x 13 and x 18, as usually happens in large-field models. This solution always works in an intermediate regime of no-nminimal coupling between F − 1 = ξ x 2 /2 1 and F − 1 = ξ x 2 /2 1, with F taking values within the range 1.1 < F < 1.4. Furthermore, this solution allows that inflation takes places in a regime where the Galileon self-interaction becomes sub-dominant in comparison to the standard kinetic term with A 1 or in an intermediate regime between A 1 and A 1, being that A assumes values in the range 0 < A < 1.2. In the case of solution x (2) , the inflaton field satisfies 0 < x 15, and therefore allowing both trans-Planckian and sub-Planckian values for the inflaton field. So, the no-nminimal coupling to gravity always operates in an intermediate regime between F − 1 = ξ x 2 /2 1 and F − 1 = ξ x 2 /2 1, with 1.1 < F < 1.6. Additionally, the Galileon self-interaction works in an intermediate regime between A 1 and A 1 and a strong regime with A 1, such that 1.1 A 10 4 . Thus, for this solution sub-Planckian values are reached as long as A 1. From Eq. (96), for n = 2, one finds that the transition from the regime A > 1 to the regime A < 1 occurs for
In the case of solution x (1) it is satisfied the condition x f /x G < 1 for the all the range of values of parameters ξ and ζ , and hence, the end of the regime dominated by Galileon self-interaction always takes place during slow-roll inflation. On the other hand, for solution x (2) , we find x f /x G < 1 for 0.13 < ζ < 2, and x f /x G > 1 for ζ 2. So, for 0.13 < ζ < 2 the behaviour is similar to the case of solution x (1) , whereas that, for ζ 2 the dominance of Galileon self-interaction is extended up to after the end of slow-roll inflation which could spoils the oscillatory regime of inflaton with a negative propagation speed squared c 2 of the scalar mode, leading to Laplacian instabilities [94] . With Eqs. (52), (53) and (93), we obtain
Thus, using the above expressions and Eq. (97) into Eq. (101), it is easy to obtain the field dependence of scalar propagation speed squared as
Also, the power spectrum P s in Eq. (102) becomes
After evaluating (111) at the value of the scalar field when a given perturbation scale leaves the Hubble-radius, which was already found numerically, and by using the current observational value for the amplitude of primordial scalar perturbations P s = 2.141 × 10 −9 [90, 91] , we may find a constraint forλ ≡ λ /M 4 pl in terms of ξ and ζ . Thus, by using the values ofλ and ζ we recover the values ofγ ≡ γM 3 pl . In FIG 6 it is shown the behaviour of c 2 s (left graphic), λ (centre graphic) and γ (right graphic), in the ζ − ξ plane for n = 2 and N = 70. As before, the gray region indicates the physical region of the parameters ξ and ζ , as it has been obtained from the observational bounds in the n s − r plane (FIG 7) , whose corresponding ranges are summarized in Tables 1 and 2. For both solutions x (1) (upper row) and x (2) (lower row) one finds that c 2 s is always positive and therefore there is no Laplacian instabilities during inflation. For the solution x (1) the parameters λ and γ are constrained to be 1 × 10 −11 λ 3.0 × 10 −11 andγ 8 × 10 9 . In the case of x = x (2) (lower row), one is free of this type of pathology above the straight line log(1/ξ ) = 4.34 + 0.397 log(1/ζ ), and the parameters λ and γ are bounded from below bỹ λ 10 −11 andγ 10 9 . Therefore, we must constraint from above the parameters λ and γ with the help of some additional phenomenological considerations, because these quantities may reach arbitrarily large values for this solution and still provide results compatible with the observations. Substituting Eqs. (104), (69) and (97) into Eq. (35), one finds that the slow-roll parameter ε s is given by
Hence, it is straightforward see that
where we have defined
On the other hand, from Eqs. (110) and (38), we find
These results lead us to write down the spectral index of R (37) as Fig . 6 We depict the behaviour of scalar propagation speed squared c 2 s , parameters λ and γ consistent with scalar power spectrum P s = 2.141 × 10 −9 , in the case of solution with ζ < 0.13 (upper row) and for the other one with ζ > 0.13 (lower row), in the plane of parameters ξ and ζ , for n = 2 and N = 70. The gray region is built using the physical ranges (horizontal black lines) of the parameters ξ and ζ in Table 1 and Table 2 , which have been determined by observational bounds in the n s − r plane (FIG. 7) .
Finally, from Eqs. (44), (110) and (112), we obtain for the tensor-to-scalar ratio r the following expression
In a similar fashion as before, after evaluating these inflationary observables at the value of the scalar field when a given perturbation scale leaves the Hubble-radius, we are able to compare the theoretical predictions of this second subclass of model in the n s − r plane with the allowed contour regions from Planck 2018 data. Then, we find the allowed ranges of the parameters characterizing this subclass of model. In FIG 7 we show the trajectories in the n s − r plane for our second model, which are generated by plotting Eqs.
(117) and (119) (after being evaluated at x * ) parametrically, varying both the number of e-folds N and the parameter ζ in a wide range, for several fixed values of ξ and for the power n fixed to n = 2. In addition, we have considered the two-dimensional marginalized joint confidence contours for (n s , r), at the 68% and 95% C.L., from the latest Planck data [90, 91] . In the upper graph it is shown the solution x (1) for which it is found that the predictions of the model are within the 95% C.L. region from Planck 2018 data [90] provided that the non-minimal coupling parameter ξ takes values within the allowed range 7.20 × 10 −4 ξ 3.17 × 10 −3 , for N = 70. On the other hand, ζ takes values in some specific range which depends on the value of ξ . For these values of ζ we obtainλ ∼ 10 −11 , m φ /M pl ∼ 10 −6 , and γ 10 9 , as it is shown in Table 1 . Therefore, the predicted range for the tensor-to-scalar ratio r, for N = 70, is found to be 0.028 r 0.069. Hence, this suppression on the tensor-to-tensor to scalar ratio, due the presence of both the non-minimal coupling and the Galileon self-interaction, allows to bring chaotic quadratic to be compatible with current observations, when the first solution x (1) is considered. Now, by considering the expected upper values on r for the forthcoming B-mode polarization experiments, BICEP3 [92] or LiteBIRD [93] , we might confirm chaotic inflation in scalar-torsion gravity with both non-minimal coupling and a Galileon self-interaction term or we might rule it out. Fig. 7 We show the plot of the tensor-to-scalar ratio r versus the scalar spectral index n s in the presence of both, non-minimal coupling to torsion and Galileon interaction term, for quadratic inflation n = 2 and N = 60 − 70. In the upper graph it is shown the solution x (1) whose predictions are superimposed with the 95% C.L region of Planck 2018 data [90] and for the which it is obtained the constrained 7.2 × 10 −4 < ξ < 3.17 × 10 −3 for N = 70. In the lower graph we shown the solution x (2) which is in good agreement with Planck data at the 68% and 95% C.L. regions. In this case we find the lower bound ξ > 0.003 for N = 60 and ξ > 0.0014 for N = 70. Now, in the lower graph we show the predictions in the n s − r plane for the second solution x (2) , which also provides results in consistency with current observational bounds in a wide range of parameter values. In particular, for N = 60, a lower limit for ξ is found to be ξ 0.003 for N = 60, while for N = 70, its lower limit yields ξ 1.4 × 10 −3 . However, the observational data, through the n s − r plane, does not impose any upper bound on ξ . For values of ξ such that ξ > 0.003, one may always find a range for parameter ζ which is superimposed over the 68% and 95% C.L. regions, and then leading us to arbitrarily large values of parameters λ and γ. In Table 2 we show some physical ranges for the parameters of the model consistent with observations, in the cases where the number of e-folds is fixed to be N = 60 and N = 70.
Let us discuss about of this latter behaviour of solution x (2) . Regarding slow-roll inflation as a low-energy effective theory, the maximal cut-off Λ is fixed by Planck scale, that is to say Λ M pl . Now, in order for this effective theory to remain valid during the Hubble-radius crossing, the minimal cut-off is determined by the inflationary Hubble scale, Λ H, with the masses of the fields satisfying m H [95] . Thus, for Λ γ −1/3 , and H/M pl ∼ 10 −5 , it is easy to obtain the conditionγ 10 15 , and so also, m φ /M pl 10 −5 , or equivalently,λ 10 −10 . From results shown in Table 2 , one may see that the constraint imposed on m φ is stronger than the imposed on γ, when determining the upper limit for the non-minimal coupling parameter. In this way, by using the constraint on the mass scale, this allow us to fix the upper bound for ξ to be ξ 1, with the best predictions for r in the ranges 0.038 r 0.070 for N = 60, and 0.022 r 0.063 for N = 70. Furthermore, whether we have in account that the condition ζ 2 is required in order to avoid that the regime of dominance of Galileon self-interaction goes until after the end of slow-roll inflation, and hence spoiling reheating after inflation [94] , the non-minimal coupling parameter ξ is more severely constrained from above to be ξ 0.008 for N = 60 and ξ 0.009 for N = 70. Thus, one finds that 10 −11 λ 10 −10 and 10 9 γ 10 10 , with r ∼ 0.042 for N = 60 and r ∼ 0.024 for N = 70. Finally, when solution x (2) is taken into account, and depending on the predictions for the tensor-to-scalar ratio for N = 60 or N = 70, chaotic inflation in this particular scenario may supported or disproved by near future experiments. In this way, these future experiments allow to test the major single-field slow-roll inflation models.
Concluding Remarks
In the context of teleparallel gravity, we investigated a generalized scalar-torsion theory and its implications for inflationary cosmology. In this theory we consider a canonical scalar field x ≡ φ /M pl non-minimally coupled to scalar torsion T , along with a Galileon-type field self-interaction as motivated from Dvali-Gabadadze-Porrati braneworld (DPG) model [38] and Horndeski theory [48] . We studied a flat Friedmann-Robertson-Walker (FRW) background for the which we have calculated the modified field equations, and then we computed the second order action of scalar and tensor perturbations to compute the power spectra of these primordial fluctuations.
In order to obtain concrete results we have firstly studied only the effects of the non-minimal coupling on the dynamics of inflation. We assumed the chaotic potential V (x) = λ x n /n with a non-minimal coupling term which has the form F(x)T with F(x) = 1 + ξ x 2 /2. In the slow-roll approximation and by using the latest Planck data [90] , we have constrained the coupling parameter ξ to be 10 −4 ξ 10 −3 with 10 −11 λ /M 4 pl 10 −10 for 2/3 ≤ n ≤ 2. For the particular case of chaotic quadratic inflation n = 2 we found that the prediction for the tensor-to-scalar ratio is 0.05 r 0.07, for 7.1 × 10 −4 ξ 1.1 × 10 −3 , with efolds number N = 70, which puts it only within the 95% C.L. contour. In Ref. [15] it has been studied quadratic inflation with non-minimal curvature-matter coupling, where the constraint on the tensor-to-scalar ratio was found to be 0.01 r < 0.12, with the corresponding non-minimal coupling parameter satisfying 1 × 10 −3 ξ R 5 × 10 −3 , and N = 60. Thus, by comparing with our results one may see that in the case of non-minimal coupling to torsion it is required a weaker non-minimal coupling to gravity in order to satisfy the current observational constraints, but in contrast it is necessary a greater amount of inflation than in the case with non-minimal coupling to curvature. However, in both cases, either non-minimal coupling to curvature or torsion, it is possible to rescue the quadratic inflation model by putting it again within the confidence limits of current observational data sets. However, forthcoming CMB experiments like BICEP3 and LiteBIRD which expect to put stronger constraints on the tensor-to-scalar ratio, may eventually rule out chaotic quadratic inflation in this particular class of model. For completeness, in the case of other monomial models with n = 4/3, n = 1, and n = 2/3, we found that under a non-minimal coupling to torsion, these models are also in good agreement with observations, with their predictions superimposed over the 68% and 95% C.L. regions of the 2018 Planck data.
As it has been extensively studied, there are several mechanism which account in lowering the predictions for the tensor-to-scalar ratio r in a potentially driven single-field scenario. Besides the possibility of a non-minimal coupling to gravity, as we did it previously, one could also include a non-canonical kinetic term to the scalar field action as in k-inflation [96] , and so, getting a subluminal inflaton speed of sound [97] , or either incorporating a damping term due to dissipation, as in warm inflation [98, 99] , or by considering a non-linear field-interaction in the form of the Galileon term (∂ φ ) 2 2φ , which generally works to slow down the evolution of the field and therefore allowing a reduction in the value of r [94] . Thus, in the second part of this paper, we have followed this latter interesting direction.
Unlike the case with only non-minimal coupling to torsion, whose background equations were integrated analytically under the slow-roll approximation, in the presence of both non-minimal coupling and Galileon self-interaction, it is not possible to obtain analytical solutions for the background equations, instead we integrate these numerically. In the case of a power-law potential V (x) = λ x n /n with n = 2 and the non-minimal coupling function F(x) = 1 + ξ x 2 /2, we find two branches of solutions for x (1) and x (2) (FIG  5) . At first, for solution x (1) , which is defined for ζ ≡ (γ/M pl ) × λ < 0.13, with γ being the Galileon coupling parameter, we found that the predictions of the model at level of n s − r plane are within the 95% C.L. contour. Accordingly, for N = 70, we have found the constraints 7.2 × 10 −4 ξ 3.2 × 10 −3 , λ /M 4 pl ∼ 10 −11 (m φ /M pl ∼ 10 −6 ), and 1 γ/M −3 pl 10 9 . Therefore, at N = 70, the tensorto-scalar ratio takes values in the range 0.028 r 0.069, which are seen to be reduced as compared to those obtained when it is only considered a non-minimal coupling term. In addition, the required number of e-folds is not reduced and the parameters ξ and λ are kept in the same order of magnitude as before.
Secondly, when the solution x (2) is studied, which is defined for ζ > 0.13, we found that the predictions in the n s −r plane are consistent with current observational bounds by Planck 2018 data. This allows us to obtain a lower bound for ξ in the form ξ 3.0×10 −3 for N = 60, and ξ 1.4×10 −3 for N = 70. In view of this, it is not possible to obtain an upper bound for ξ and ζ by means the n s − r plane, which could leads us to arbitrarily large values of parameters λ and γ. In order to overcome this problem, one may, for instance, resort to the framework of effective field theories. By considering slow-roll inflation as a low-energy effective theory, one has that the UV cut-off is given by the Planck scale, that is to say, Λ M pl , while the minimal cut-off is fixed by the inflationary Hubble scale, Λ H, with the masses of the light fields satisfying the requirement m H [95] . From our numerical results we found that H/M pl ∼ 10 −5 , and for Λ γ −1/3 , it is straight to obtain the condition γ/M −3 pl 10 15 , and so also, m φ /M pl 10 −5 , or equivalently, λ /M 4 pl 10 −10 . In Table 2 , it can be seen that the constraint imposed on m φ is stronger than those imposed on the Galileon coupling γ, when determining the upper limit for the non-minimal coupling parameter ξ . Therefore, the constraint found on m φ allows us to set the upper bound on ξ to be ξ 1, with the better predictions for r in the ranges 0.038 r 0.070 for N = 60, and 0.022 r 0.063 for N = 70.
Furthermore, an even tighter constraint from above may be imposed to the non-minimal coupling parameter whether we assume that the dominance of Galileon self-interaction over the standard kinetic cannot be extended beyond the end of slow-roll inflation. The reason for this is because the oscillatory regime of inflaton could be break down, and then spoiling the reheating period after inflation [94] . For solution x (2) we found that the transition from the regime A > 1 to the regime A < 1 occurs before the end of inflation providing that ζ 2. Hence, the non-minimal coupling parameter is strongly constrained from above to be ξ 0.008 for N = 60, and ξ 0.009 for N = 70. Thus, we obtain the bounds 10 −11 λ /M pl 10 −10 and 10 9 γ/M −3 pl 10 10 , being that for r it is found r ∼ 0.042 for N = 60 and r ∼ 0.024 for N = 70, which is consistent with our previous constraints obtained from the framework of effective field the-ories. Then, chaotic quadratic inflation in our scalar-torsion gravity scenario can be reconciled with current Planck data even within the 68% C.L. contour region. In despite of this, next generation CMB experiments such as BICEP3 or Lite-BIRD are expected to put stronger constraints, making possible to either support this model or rule it out in near future.
As a final remark, it is important to note that a more detailed studied of the post-inflationary phase should be performed, in order to obtain a better picture of the dynamics of reheating in these models with non-minimal coupling to torsion. We hope to be able to address this point in a future work. 
but this action, like scalar-curvature gravity, is consistent with GW170817 and GRB170817A only for a particular case. We can probe this through the analysis of the tensor pertubations,
where two polarization states are given by λ = +, ×. The quantity Q T is defined by
and the squared tensor propagation speed is
where we can see that c 2 T is equivalent to 1 only for the particular case F = F(φ ). Therefore, we must restrict to the action given by (12) .
